Over the past three decades, the Middle Son Valley, Madhya Pradesh, India has been the focus of archaeological, geological, and palaeoenvironmental investigations that aim to reconstruct regional climate changes in the Late Pleistocene and to understand the effects of the ∼74 ka Toba super-eruption on ecosystems and human populations in northern India. The most recently published model of alluvial deposition for the Middle Son Valley subdivides its alluvium into five stratigraphic formations, each associated with a specific artefact assemblage. In this study, new cross-valley topographic profiles, field observations and infrared stimulated luminescence (IRSL) age estimates are used to refine this model south of the Rehi-Son River confluence. These data not only provide insights into the fluvial history of the Son River and its response to changes in palaeoclimate, but will also inform future archaeological surveys by constraining the geomorphic context of surficial and excavated artefacts in the area. 
Introduction
Terraced alluvial deposits in the Middle Son Valley (MSV), Madhya Pradesh, India contain volcanic ash (Youngest Toba Tuff, YTT) erupted by the Toba super-eruption ~74 ka ago (Storey et al., as well as the ~10 m-high terraces comprising the Khetaunhi Formation, are considered depositional features in the landscape (Fig. 2) (Williams et al., 2006) . Terraces at ~25 m and ~15 m above river level are considered to be erosional features that expose Patpara Formation sediments ( Fig. 2) (Williams et al., 2006) . In this study, the accuracy of this model is tested near the Rehi-Son confluence using satellite imagery of the area, field observations, cross-valley topographic profiles and infrared stimulated luminescence (IRSL) ages for terraced alluvial sediments. These data provide insights into the fluvial history of the Son River and its response to changes in palaeoclimate, and will inform future archaeological surveys by constraining the geomorphic context of surficial and excavated artefacts in the area.
Study area and climate
The reach of the Son River examined near the Rehi-Son confluence is shown in Figures 3B and   3C . North of the river, the topography is variable where gullies and streams have incised non-cohesive alluvial silts and sands. In the northwest, NE-SW trending bedrock ridges composed of sandstones and Plateau to warm in the summer) and changes in glacial boundary conditions (i.e., ice volume, sea surface temperature, albedo, and atmospheric trace-gas concentrations), which alter the way in which the monsoon reacts to astronomical forcing. Clemens and Prell (1991) and Clemens et al. (1991) have argued that while precession-forced insolation changes are the major pacemaker of monsoon strength, glacial boundary conditions have played a relatively minor role in determining the timing and strength of the SW monsoon.
Methods

Topographic surveys
Topographic profiles were measured across the valley along two traverses (A-A' and B-B') near the Rehi-Son confluence (Fig. 3C ) using a differential global positioning system (DGPS) and electronic total station (ETS). Control points were measured in open (treeless) spaces near each planned traverse using a Trimble R3 Differential DGPS consisting of one reference receiver and 2 rovers. These control points served as benchmarks to which the start and end points of each traverse (measured using the ETS) were tied. The latitude and longitude coordinates for the start and end points for traverse A-A' are 24°29.93'N, 82°0.38'E and 24°29.92'N, 82°0.41'E, respectively and those for traverse B-B' are 24°30.12'N, 82°0.97'E and 24°30.13'N, 82°1.05'E. Control points were logged in static mode for 1.5 h using horizontal baseline lengths of ~100-150 m to achieve measurement precisions better than 0.01 m, and the DGPS data were processed using Trimble Geomatics Office software. A Pentax 326EX ETS was used to measure elevations at 5 m intervals along each traverse. The estimated mean error for each elevation measurement is less than 4 mm. The ETS data were imported into an ArcGIS workspace, and superimposed on georeferenced WorldView-1 panchromatic satellite imagery (50 cm horizontal resolution) of the study area (Fig. 3C ).
IRSL sample collection and measurements
Two samples, GHO-3 and GHO-2 (Neudorf et al., 2012, submitted), were collected from above and below YTT ash, respectively, at the Ghoghara main section (Figs. 3 and 4, Table 3 ). This section exposes ~11 m (vertical thickness) of generally fining-upward fluvial gravels, sands and silts, with YTT ash appearing between 6 and 7 m below the ground surface. The ground surface is estimated to be within ~5-10 m of the maximum height of the MSV alluvium in this reach of the Son River, as the top-most sands and silts have been eroded away. In addition, seven samples for IRSL dating were collected from alluvial sediments on the south side of the Son River (see Supplementary Table 1 for sample site coordinates): two samples (H-1 and H-5) were collected from near the top of the highest terrace, three samples (M-2, M-4 and M-6) from exposed sediments or roadcuts along the dirt road, and two samples (L-3 and L-7) from gully exposures in the lowest alluvial terrace, next to the river channel (Fig. 3C) . The sediments at each sample location were photographed and their texture, colour and sedimentary structures were recorded. Steel tubes, ~5 cm in diameter, were hammered into the face of the exposed sediments.
On the south side of the river, samples were taken ~60 to ~100 cm below the ground surface to avoid sampling sediments disturbed by local farming practices (i.e., ploughing). After the tubes had been extracted, the sample holes were lengthened and a NaI(Tl) detector was inserted for in situ measurements of the gamma-ray dose rate. Bagged samples of sediment (~60-200 g) were collected from the walls of the gamma spectrometer detector holes for water content measurements and determination of the beta dose rates (by low-level beta counting) in the laboratory.
Samples were prepared for IRSL dating using standard methods (Aitken, 1998 Table 2 ). This procedure included measurement of the natural signal (L n )
followed by measurement of a laboratory-given test dose (T n ). A dose-response curve was then generated from the signals induced by a series of regenerative doses given in the laboratory (L x ), each followed by a test dose measurement (T x ) to correct for sensitivity changes (Galbraith et al., 1999; Wallinga et al., 2000) . A zero-dose point was measured after the highest regenerative dose to assess the severity of preheat-induced thermal transfer and signal 'recuperation', and a duplicate regenerative dose was measured after the zero-dose cycle to determine the 'recycling ratio' and check that the sensitivitycorrection procedure had performed adequately. For each aliquot, the L x /T x ratios were fitted by a single saturating exponential function to generate a sensitivity-corrected dose-response curve, onto which L n /T n was projected to determine the D e . A 1.5% instrumental error was added in quadrature to the measurement uncertainty for each L x , T x , L n , and T n measurement and the D e uncertainties were calculated by the Monte Carlo stimulation using the software package Analyst v3.24 (Duller, 2007 Table 3 for the fading measurement protocol).
Environmental dose rate determination
The IRSL age of a sample is calculated by dividing the burial dose (estimated from the D e values)
by the environmental dose rate integrated over the period of sample burial. The dose rate to KF grains consists of beta, gamma and cosmic radiation from sources external to the grains, as well as alpha and beta radiation from sources inside the grains. In this study, the internal dose rates were based on values widely used in the literature: 40 K and 87 Rb concentrations were assumed to be 12.5 ± 0.5% (Huntley and Baril, 1997) and 400 ± 100 ppm (Huntley and Hancock, 2001), respectively, and U and Th contents were assumed to be 0.3 ± 0.1 ppm and 0.7 ± 0.1 ppm, respectively (Mejdahl, 1987 External beta and gamma dose rates were measured using low-level beta counting in the laboratory and field gamma spectrometry, respectively. The external contribution from alpha particles was assumed to be negligible because of the HF acid etch given during sample preparation. The contribution of cosmic rays was estimated following Prescott and Hutton (1994), taking into consideration the latitude, longitude and altitude of the sample sites, as well as the burial depth of each sample below the modern ground surface and the density of overlying deposit. Because water attenuates beta, gamma and cosmic radiation, the water content of the sediments was measured in the laboratory and the external dose rate was calculated for an estimated long-term water content of either 5 ± 2% or 10 ± 2%, depending on the measured water content of the sample; field values ranged from 0.3 to 9.1% (Table   4 ). These long-term values take into consideration the free-draining nature of the sampled sediments, their collection during the dry season, and the monsoonal climate of the region. For these samples, a 1% increase in water content leads to a 1% increase in calculated age.
The external beta and gamma dose rates account for the majority (53-75%) of the environmental dose rate for these MSV samples (Table 4 ). The internal dose rate of 1.00 ± 0.05 Gy/ka provides a smaller contribution (21-41%) and cosmic radiation accounts for only 4-7% of the total dose rate.
Results
Topography and sedimentology
The topographic profiles and elevations of all IRSL sample sites are shown in Figure 6A . The 239 average recycling ratios are statistically consistent with unity (at 1σ), as are the ratios for each of the 240 aliquots, suggesting that sensitivity-correction procedure performed adequately (Table 3) . A typical 241 fading plot is shown in Figure 6B and the g-values of all 264 aliquots from all samples (the nine listed in 242 Table 3 and two from the Khunteli Formation type-section, Fig. 1A ) is shown in Figure 6C . The average 243 fading rate for each sample is about 3-4 % per decade and appears to be independent of sample location 244 (Table 3, Figs. 3A, 3C) . 245
The average recuperation values from all samples on the south side of the Son River range from 246 ~2% to ~8% of the sensitivity-corrected natural signal, with the highest relative recuperation exhibited by 247 the two youngest samples (L-3 and L-7), collected from the lowest terrace adjacent to the Son River 248 (Table 3) . Recuperation values from samples GHO-2 and GHO-3 are very small (<2%) because the 249 natural signal in these relatively old samples is bright. Recuperation values of <10% are considered 250 satisfactory, but some aliquots of samples L-3 and L-7 (eight and one, respectively) had recuperation 251 values of >10%. For these two samples, IRSL ages were calculated after including and excluding these 252 aliquots. The fading-corrected ages determined after rejecting these aliquots are shown in parentheses in 253 Table 3 : the weighted mean (Central Age Model, CAM) age of sample L-3 increased slightly but not 254 significantly (at 2σ), while the CAM and Minimum Age Model (MAM) ages for sample L-7 were 255 unaffected (at 1σ). 256
Fading-corrected ages for all aliquots are displayed in Figure 7 . OD values are smallest (<10%) 257 for the samples collected from the highest terraces, and are largest for samples collected from the dirt road 258 (~45%) and the lowest terrace (up to ~76%) ( partially bleached grains and/or grains derived from slumping, the MAM was used to estimate the ages of 281 those aliquots that contain the highest proportion of grains exposed most recently to sunlight (Table 3) . 282
For comparison, ages were also calculated using the CAM, bearing in mind that such ages are equivalent 283 to the weighted (geometric) mean and will, therefore, overestimate the burial time for samples that 284 contain a significant proportion of partially bleached grains ( Table 3 Table 3 to account for insufficient bleaching of 293 grains during transport in the Son River. 294 
Discussion
Revised model for alluvial deposition in the MSV
296
The IRSL age estimates obtained in this study suggest that the uppermost floodplain silts in the 297 highest alluvial terrace on the south side of the Son River are ~16 ka (Table 3 , Fig. 4 ). The partially 298 oxidized coarse sands and gravels exposed ~5-10 m below this terrace yield maximum age estimates of 299 ~6-8 ka, while the silts and silty sands exposed near the top of the lowermost terrace, adjacent to the Son 300 River, yield maximum age estimates of ~1.9 ka and ~2.7 ka for samples L-3 and L-7, respectively (Table  301 3, Nala, which is the type-section for the Baghor Formation (Fig. 1A , Table 1 ). BN-3 was collected from 303 the lower part of the coarse member, BN-2 from the middle part of the coarse member, and BN-1 fromthe upper fine member. The reported ages of 39 ± 9, 24 ± 3 and 19 ± 2 ka, respectively (Table 2) should 305 be interpreted as minimum ages because they were not corrected for fading. Despite the latter caveat, the 306 IRSL age of BN-1 (~19 ka) is similar to the fading-corrected IRSL ages of ~16 ka for the uppermost silts 307 in the highest alluvial terrace sampled in this study, suggesting that these silts are correlative with the fine 308 member of the Baghor Formation. According to the model of Williams et al. (2006) , fluvial incision of 309 the MSV alluvium commenced ~16 ka after a period of aggradation between ~39 and ~16 ka. IRSL ages 310 for the highest terrace reported here are consistent with the termination of accumulation of Baghor fine-311 member silts, and the beginning of fluvial incision of the valley alluvium ~16 ka (Table 3 , Fig. 4 ). The 312 two maximum age estimates (~1.9 and ~2.7 ka) for the lowest terrace in the study area are slightly 313 younger than previously reported radiocarbon age estimates from shell (3.215 ± 0.07 and 4.74 ± 0.08 ka) 314 and charcoal (4.13 ± 0.11 ka) associated with the Khetaunhi Formation ( suggest that the near-surface alluvial sands and gravels ~20 m above river level are at least ~32 ka 318 younger than the proposed age of the Patpara Formation, and at least ~8 ka younger than the proposed age 319 of the Baghor Formation and the uppermost floodplain silts in the highest alluvial terrace (Table 3 , Fig.  320 4). These results suggest that the intermediate (~20 m) terrace is not an erosional feature exposing 321 sediments correlative with the Patpara Formation, but rather a depositional feature consisting of high-322 energy sands and gravels that were deposited during a brief aggradational phase between ~5 ka and ~16 323 ka. This terrace deposit contains Late Acheulean/early Middle Palaeolithic artefacts (Fig. 5H, I ) that may 324 have been eroded from underlying older sediments (i.e., the Patpara or Sihawal Formations, Table 1 signal from the time-series data, they used principal components analysis to calculate the 'Summer 362
Monsoon Factor', which they considered to be the most robust representation of relative amplitude in SW 363 monsoon intensity through time (Fig. 9) . The Summer Monsoon Factor is strongest during portions of 364 non-glacial intervals MIS 3 and 5. A 35% increase in precipitation occurred between the Last Glacial 365
Maximum (LGM) and the Holocene hypsithermal -a period driven by peak regional insolation ~9 ka 366 and weakening glacial boundary conditions (Prell and Kutzbach, 1987) . This post-LGM increase in 367 monsoon intensity is likely responsible for an increase in the Son River discharge, and incision of the 368 MSV floodplain, after ~16 ka (Fig. 9) . aridification at around 6-5 ka (Fig. 10) . In the MSV, maximum ages ranging from 7.9 ± 1.1 to 4.8 ± 0.6 374 ka for the top of the middle terrace (M-2, M-4 and M-6) coincide with a relatively humid phase in all 375 lake-level proxies (Fig. 10) . This suggests that wet conditions may have been responsible for high river 376 discharges and the transport and deposition of the coarse sand, pebble-gravel and cobbles observed in the 377 middle terrace under a high-energy depositional environment. Subsequent northward channel migration 378 and incision of the valley alluvium may have begun at a time when the intensity of the SW monsoon was 379 decreasing between ~6 and ~4.7 ka (Fig. 10) . The maximum ages of the top of the lowest terrace (1.9 ±0.2 and 2.7 ± 0.2 ka) coincide with the latter part of an arid phase recorded in the Lake Sanai and 381 speleothem isotope records (Fig. 10) . Therefore, aggradation of this late Holocene terrace likely occurred 382 during relatively arid conditions. 383 Valley, MSV and Ganga Plains (Fig. 9) . 397 Strata recording fluvial activity over the last 100 ka in the middle Ganga Plains record major 398 periods of fluvial aggradation that occurred about 111-59 ka (Period I), 45-30 ka (Period II), 30-23 ka 399 (Period III), 16-11 ka (Period IV) and 2.7 ka to present (Period V) (Roy et al., 2012) (Fig. 9) . Period III 400 sediments record high-energy channel activity at ~28 ka and levee deposition about 34 and 26 ka ago, 401 possibly associated with increased monsoon precipitation. These sediments are roughly correlative with 402 the proposed time of deposition of the coarse member of the Baghor Formation and the time of deposition 403 of the sediments bracketing reworked YTT ash at Ghoghara and Khunteli (Fig. 9) . Period IV sedimentsdepositional environment with a high sediment supply. This has been interpreted to reflect landscape 406 instability during monsoon intensification, followed by a reduction in discharge during the Younger 407 localities, which range in age from ~14 to 7 ka. Incision through terraced sediments as young as ~9 ka atMahagara has been interpreted to represent monsoon intensification and increased fluvial energy after 9 432
Comparison of the MSV and other Indian fluvial sequences
ka. This period of wet climatic conditions leading to incision in the Belan Valley roughly correlates with 433 the time of aggradation of the coarse sands and gravels in the middle (~20 m) terrace in the MSV (Fig. 9) . 434
Decreasing monsoonal activity since ~6 ka is thought to be responsible for local inset terrace aggradation 435 at Mahagara (Gibling et al., 2008) , which occurred at a similar time to the aggradational event in the 436 MSV that led to the creation of the lowest (~10 m) terrace (Fig. 9) . 437 According to the model, these sediments should be ~58-40 ka in age and form part of the Patpara 449 Formation, which has been exposed by fluvial erosion of the overlying Baghor Formation (Fig. 2) . The 450 maximum IRSL age estimates presented here suggest that these inset sediments were deposited no earlier 451 than ~5-8 ka ago, during a brief aggradational phase that followed deposition of the highest alluvial 452 surface ~16 ka ago and its subsequent incision Rees-Jones, J., 1995. Optical dating of young sediments using fine-grain quartz. Ancient TL 13, 9-14. 583
Conclusions
Roberts, R., Bird, M., Olley, J., Galbraith, R., Lawson, E., Laslett, G., Yoshida, H., Jones, R., Fullagar, 584 R., Jacobsen, G., Hua, Q., 1998. Optical and radiocarbon dating at Jinmium rock shelter in 585 northern Australia. Nature 393, 358-362. A "depositional surface" is defined here as one in which the most recent stratigraphic formation deposited is still preserved after lateral migration of the channel and/or incision of the river into the floodplain, while an "erosional surface" is one in which one or more stratigraphic formations have been eroded, exposing one or more older underlying stratigraphic formations. It is possible that some erosion has occurred on all alluvial surfaces immediately before lateral migration of the channel and/or incision of the river into the floodplain. Table 4 , as well as two samples (KHUT-1 and KHUT-4) collected from above and below YTT ash at the Khunteli Formation type-section ( 2 The proposed age of the Patpara Formation was originally based on one IRSL age of 58 ± 6 ka. The validity of this age has been recently questioned in light of archaeological evidence, the stratigraphic context of the IRSL sample, and the fact that the IRSL age was not corrected for fading (Jones and Pal, 2009). 
